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Abstract
Objectives To examine the retention force of removable dental prosthesis (RDP) clasps made from polyetheretherketone (PEEK)
and cobalt-chrome-molybdenum (CoCrMo, control group) after storage in water and artificial aging.
Materials and methods For each material, 15 Bonwill clasps with retentive buccal and reciprocal lingual arms situated between
the second pre- and first molar were manufactured by milling (Dentokeep [PEEKmilled1], NT digital implant technology;
breCAM BioHPP Blank [PEEKmilled2], bredent), pressing (BioHPP Granulat for 2 press [PEEKpressed], bredent), or casting
(remanium GM 800+ [CoCrMo], Dentaurum); N = 60, n = 15/subgroup. A total of 50 retention force measurements were
performed for each specimen per aging level (initial; after storage [30 days, 37 °C] and 10,000 thermal cycles; after storage
[60 days, 37 °C] and 20,000 thermal cycles) in a pull-off test. Data were statistically analyzed using one-way ANOVA, post hoc
Scheffé and mixed models (p < 0.05).
Results Initial, PEEKpressed (80.2 ± 35.2) and PEEKmilled1 (98.9 ± 40.3) presented the lowest results, while PEEKmilled2
(170.2 ± 51.8) showed the highest values. After artificial aging, the highest retention force was observed for the control group
(131.4 ± 56.8). The influence of artificial aging was significantly higher for PEEK-based materials. While PEEKmilled2 and
PEEKpressed showed an initial decline in retention force, all other groups presented no impact or an increase in retention force
over a repetitive insertion and removal of the clasps.
Conclusions Within the tested PEEK materials, PEEKmilled2 presented superior results than PEEKpressed. Although CoCrMo
showed higher values after artificial aging, all materials exhibited sufficient retention to recommend usage under clinical
conditions.
Clinical relevance As RDPs are still employed for a wide range of indications, esthetic alternatives to conventional CoCrMo
clasps are sought.
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Introduction
Removable dental prostheses (RDPs) are commonly used to
treat patients with large or multiple edentulous areas.
Indications furthermore include the replacement of missing
teeth in patients with severely damaged periodontal tissue,
an excessive loss of alveolar bone limiting the possibility for
implantation or the use as interim restorations for patients
awaiting extensive treatments like bone augmentation
[1–3]. In addition, psychological and financial factors
play an important role in choosing between RDPs and
alternative treatment options like multi-unit fixed dental
prostheses (FDPs) or implants.
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RDPs are usually manufactured of a PMMA base with
acrylic or ceramic teeth in combination with cobalt-chrome-
molybdenum (CoCrMo) clasps. The tried and tested CoCrMo
clasps show excellent mechanical properties, such as a prom-
ising long-term stability and reliability [4–8] and high reten-
tive capabilities, even when manufactured in small dimen-
sions to improve patient comfort [4]. However, CoCrMo’s
silver color is nowadays becoming more and more unaccept-
able for patients with high esthetic requirements, especially
when employed in the visible region. Moreover, the biocom-
patibility of metal clasps is viewed as controversial [9–11]. In
the oral cavity, non-precious metals like CoCrMo can cause
galvanic corrosions as metallic ions solved in saliva interact
with amalgam or gold restorations [12]. In this context, pa-
tients have specified a metallic taste in connection with a new
removable prosthesis manufactured of CoCrMo or shown al-
lergic reactions of the oral mucosa [9–11],
These disadvantages called for the implementation of new
dental compositions such as high-performance thermoplastic
polymers as clasp materials in the treatment with RDPs.
Polye there therketone (PEEK), a member of the
polyaryletherketone (PAEK) family, possesses a high biocom-
patibility, excellent mechanical characteristics, a high chemical
stability, and a high temperature resistance [13–16]. Due to its
high flexibility, PEEK RDPs induce less stress on abutment
teeth and may be less prone to deformation or fracture than
standard alloy counterparts [17, 18]. PEEK furthermore pos-
sesses a low weight, an important factor for RDPs of the max-
illa, and allows for an individual adaption of the clasp color to
the patients’ natural tooth color. As of today, PEEK materials
are available in a multitude of shades, from classic pearl white
to a wide variety of different enamel colors. To reduce exten-
sive surgical procedures for FDP treatment of patients present-
ing with deficiencies of soft and hard tissues in the esthetic zone
and enable RDPs to be manufactured solely from PEEK, a
pale-pink shade option has been developed to imitate the color
of the gum. A recent case report describing the long-term out-
come of a treatment with a PEEKRDP has observed the patient
to perceive this restoration as more acceptable and easier to
assimilate to than alloy alternatives [19]. PEEK materials are
nowadays employed for a wide range of restorations in pros-
thetic dentistry, from dental implants, abutments, FDPs, frame-
works of RDPs to clasps, or telescopic prostheses [20–22]. In
implant dentistry, flexible PEEK frameworks can reduce ex-
cessive masticatory forces occurring due to a lack of proprio-
ception [23]. PEEK restorations can be produced employing
the conventional lost-wax technique by pressing from pellets or
granules, or via computer-aided design and computer-aided
manufacturing (CAD/CAM) by milling from blanks. The use
of CAD/CAM allows for a fully digital workflow that entails
numerous advantages like an increased material homogeneity
and the ability to reproduce restorations, for example, when
elderly patients misplace their prostheses.
One property of utmost importance for a clasp is its reten-
tion force, which will keep the dental prosthesis in place dur-
ing function such as eating or speaking. This point strongly
affects the patients’ contentment with their restoration. One
way tomeasure retention force in an in vitro study set-up is the
pull-off test, where specimens are removed from abrasion-
resistant models under constant measurement conditions.
The aim of the present study was thus to examine the re-
tention force of clasps made from different PEEK materials in
comparison with a CoCrMo control group after storage in
water and artificial aging with thermocycling. The study tested
the null hypothesis that neither the clasp material, the
manufacturing process of the PEEK specimens, artificial ag-
ing nor a repetitive insertion and removal of the clasps on an
abrasion-resistant CoCrMo model showed an impact on the
retention force.
Materials and methods
The retention force of clasps made from three differently
manufactured PEEK materials (Dentokeep [abbreviation:
PEEKmilled1], NT digital implant technology, Karlsruhe,
Germany; breCAM BioHPP Blank [PEEKmilled2] and
BioHPP Granulat for 2 press [PEEKpressed], bredent,
Senden, Germany) and a CoCrMo alloy (control group;
remanium GM 800+ [CoCrMo], Dentaurum, Ispringen,
Germany) was examined in a pull-off test at different aging
levels (Table 1 and Fig. 1).
Specimen fabrication
For each material, 15 specimens were manufactured (N = 60;
n = 15/subgroup; Fig. 2).
The second pre- and first molar of a dental arch model
(Frasaco Mandible 119, A-3, Franz Sachs & Co, Tettnang,
Germany) were prepared to incorporate a Bonwill clasp. A
master clasp was produced from CoCrMo (remanium GM
800+) by casting (Globucast, Krupp AG, Essen, Germany)
with the lost-wax technique (Finowax, DT, Bad Kissingen,
Germany). The casting channel, which was positioned in the
insertion direction of the Bonwill clasp, was cut to a height of
15 mm to allow for a later positioning in the pull-off test. The
specimen was air-particle abraded (basis Quattro IS, Renfert,
Hilzingen, Germany) with 110 μm Al2O3 (Korox 110, Bego,
Bremen, Germany) at 0.2 MPa and subsequently polished
with a silicone polisher and a polishing brush (Komet, Gebr.
Brasseler GmbH & Co. KG, Lemgo, Germany) before scan-
ning (Ceramill map V2.5.02, Amann Girrbach, Koblach,
Austria) was performed to create a master STL file (Table 2).
Clasps made of PMMA (Zeno® PMMA cast Disc,
Wieland Dental + Technik, Pforzheim, Germany; n = 30)
and PEEK (Dentokeep and breCAM BioHPP Blank; n = 15/
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subgroup) were then manufactured with CAM software
(Zenotec CAM, V2.2.009, Wieland Dental + Technik) using
a milling machine (i-Mes 4030, Wieland Dental + Technik).
PEEKpressed specimens were produced by carefully em-
bedding the PMMA clasps (Brevest for 2 press, bredent). The
investment ring was then heated closely following the manu-
facturer’s instructions (ARCA 20, Schütz Dental, Rosbach,
Germany) and Granulat was pressed under vacuum (for 2
press, bredent; Fig. 3).
Following the same workflow, CoCrMo specimens
(remanium GM 800+) were produced by embedding
PMMA clasps (JET2000, Siladent, Dr. Böhme & Schöps
GmbH, Goslar, Germany). The investment ring was then heat-
ed closely following the manufacturer’s instructions (KaVo
EWL 5636, KaVo Dental GmbH, Biberach/Riß, Germany)
before clasps were cast at 1410 °C with a pressure of
0.45 MPa (Globucast).
After outbedding, PEEKpressed and CoCrMo specimens
were air-particle abraded with 105 μm Al2O3 at 0.2 MPa
(Hasenfratz, Fine-blaster type FG 3, Sandmaster, Zofingen,
Switzerland).
Connectors and casting channels were cut to a height of
15 mm before specimens were polished with a goat hairbrush
and buffing wheel using polishing paste (Universal-
Polierpaste, Ivoclar Vivadent, Ellwangen, Germany). All
specimens were then fitted on CoCrMo models using
occlusion foil (Hanel Okklusions-Folie 12 μm, Coltène/
Whaledent AG, Altstätten, Switzerland).
Measurement of the retention force
Retention force was determined at different aging levels:
1. Initial,
2. After storage in distilled water for 30 days at 37 °C in an
incubator (Hera Cell 150, Heraeus, Hanau, Germany) and
artificial aging with 10,000 thermal cycles (Thermocycler
THE-1100, SD Mechatronik, Feldkirchen-Westerham,
Germany), with specimens remaining in each bath set to
5 °C and 55 °C for 20 s, simulating 1 year in clinical
conditions [24], and
3. After storage in distilled water for 60 days at 37 °C and
artificial aging with 20,000 thermal cycles (Thermocycler
THE-1100) simulating a clinical period of 2 years.
For the pull-off test, models were carefully positioned in
the insertion direction before casting channels/connectors
were inserted in an individually manufactured stainless steel
adapter (SDMechatronik GmbH, Feldkirchen, Germany; Fig.
4). Pull-off force was applied with a crosshead speed of 5 mm
per minute employing the universal testing machine (Zwick
1445, Zwick GmbH & Co. KG, Ulm, Germany) until the
Fig. 1 Study design
Table 1 Materials, abbreviations, manufacturers, compositions, and lot. no. used
Material Abbreviations Shade Manufacturers Compositions Lot. no.





breCAM BioHPP Blank PEEKmilled2 bredent, Senden, Germany 380149
BioHPP Granulat for 2 press PEEKpressed 379806
Remanium GM 800+ CoCrMo Dentaurum, Ispringen, Germany Co (58.3%), Cr (32.0%),
Mo (6.5%), W (1.5%),
Si (1.0%)
816
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maximum force dropped by 10%. For each specimen, 50mea-
surements were performed at the three different aging levels.
Statistical analysis
Prior to performing this study, a power analysis had been
computed using nQuery Advisior (Version 6.04.10,
Statistical Solutions, Saugaus Mass, USA). For this calcula-
tion, retention force values of the control group (163 ± 55 N)
were used. A sample size of 15 in each group would have a
power of 97% to detect a difference of 81.5 N using a two-
group t test with a significance level of α = 0.05. The
Bonferroni correction would furthermore have a power of
92% under identical conditions.
Statistical evaluation of the data was performed with de-
scriptive analysis followed by Kolmogorov-Smirnov for test-
ing the violation of normal distribution. One-way ANOVA
followed by the Scheffé post hoc test was performed to deter-
mine the influence of the material and aging level on the
retention force. To determine global retention force values
within the tested groups and potential changes of these values
at different aging levels and measurement intervals, as each
clasp was measured 50 times leading to dependent measure-
ments, linear mixed models were computed.
All p values below 0.05 were construed as statistically sig-
nificant. Data were analyzed with SPSS version 25.0 (IBM,
Armonk, NY, USA).
Results
The results of the descriptive analyses are presented in
Table 3. As no violation of normality assumption was indicat-
ed, parametric tests were performed.
The clasp material showed an influence on the retention
force (p < 0.001). Initial, PEEKpressed and PEEKmilled1
showed the lowest values, while PEEKmilled2 presented the
highest results. The control group led to results in the same
value range as both PEEKmilled1 and PEEKmilled2. After
artificial aging with storage in water (30 days, 37 °C) and
10,000 thermal cycles, PEEKpressed and PEEKmilled1 pre-
sented significantly lower retention force values than
PEEKmilled2 and CoCrMo. After additional artificial aging
(storage in water [60 days, 37 °C] and 20,000 thermal cycles),
Fig. 2 RDP clasp specimens
made of CoCrMo, PEEKmilled1,
PEEKmilled2 and PEEKpressed









Retentive arm, overall (external dimension) 19.0
Reciprocal arm, overall (external
dimension)
16.2
Retentive arm, short (inner dimension) 4.9 2.33 1.76 0.75
Retentive arm, long (inner dimension) 10.5 2.9 1.72 1.0
Reciprocal arm, short (inner dimension) 5.5 1.79 1.73
Reciprocal arm, long (inner dimension) 8.7 2.91 1.89
Support 2.0 4.8
Connector 4.5 × 4.92
Retentive arm (buccal), reciprocal arm (lingual), short arm (premolar), and long arm (molar)
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PEEKpressed and PEEKmilled1 showed lower retention force
values than the control group, while PEEKmilled2 presented
results in the same value range as PEEKmilled1.
Initially, values for PEEKmilled1 (9.5 N [0.0; 18.5];
p = 0.04) and CoCrMo (11.2 N [8.9; 13.4]; p < 0.001) in-
creased over the repetitive insertion and removal of the clasps
on the abrasion-resistant CoCrMo models, while
PEEKmilled2 (− 2.9 N [− 4.3; − 1.5]; p < 0.001) and
PEEKpressed (− 3.1 N [− 4.3; − 2.0]; p < 0.001) showed a
decline in retention force. After the first artificial aging level,
all groups but PEEKpressed that showed a rise in retention
force (2.9 N [2.2; 3.6]; p < 0.001) showed no impact of a
repeated insertion and abrasion on the retention force. After
artificial aging with 60-day storage in water at 37 °C and
20,000 thermal cycles, all groups presented an increase in
retent ion force (PEEKmil led1: 6.1 N [5.4; 6.7];
PEEKmilled2: 13.6 N [13.0; 14.3]; PEEKpressed: 5.0 N
[4.5; 5.6], CoCrMo: 18.8 N [17.3; 20.4]; p < 0.001) over the
repetitive insertion and removal of the clasps.
Mixed models defining the control group as baseline
showed no significant difference between CoCrMo and
PEEKmilled2 (p = 0.051) initial, while PEEKmilled1 (−
44.2 N [− 73.8; − 14.6]; p = 0.004) and PEEKpressed (−
62.7 N [− 92.2; − 33.1]; p < 0.001) presented lower retention
force values.
The influence of artificial aging was significantly higher for
PEEK-based materials (PEEKmilled1: − 20.2 N [− 27.7; −
12.6]; PEEKmilled2: − 41.0 N [− 48.5; − 33.4];
PEEKpressed: − 15.4 N [− 22.9; − 7.8]; p < 0.001) than for
the control group (Fig. 5).
Discussion
The aim of this study was to examine the retention force of
clasps made from different PEEK materials in comparison
with a CoCrMo control group after storage in water and arti-
ficial aging with thermocycling to approximate a clinical sit-
uation. The tested null hypothesis had to be rejected, as the
choice of material, artificial aging, and the repetitive insertion
Fig. 4 Retention force
measurement (Zwick 1445,
Zwick GmbH & Co. KG)
Fig. 3 Pressing process for clasps made from PEEKpressed (for 2 press,
bredent)
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and removal of the clasps on the abrasion-resistant CoCrMo
model showed an impact on the retention force.
The present study observed PEEK clasps to present signif-
icantly lower retention force values than CoCrMo after artifi-
cial aging. In a recent study, the mean retention force of PEEK
clasps (2.06–3.67 N) was also reported to be smaller than
values observed for CoCr (8.25 N) [17]. As the aspired reten-
tion force per clasp has, however, been described as 5–10 N
[25, 26], a clinical application of PEEK clasps may be cau-
tiously recommended [27]. Yet, one crucial parameter in this
context is stress phenomena occurring during the insertion and
removal of RDP clasps. With the choice of material dictating
the clasp design, flexible PEEK can require a deeper undercut
to ensure sufficient retention force [17]. During removal, high
stress levels may thus exceed the strength of the material itself
[28]. Further studies are necessary to determine in how far
PEEK can represent a clinically valid alternative to established
alloy clasps and define an optimum clasp design for this ma-
terial group.
When regarding the different PEEK materials, it can be
reported that PEEKmilled2 presented higher values than
PEEKpressed. This might be explained by the differing
Fig. 5 Depiction of the influence
of artificial aging on the retention
force [N] of all tested materials
Table 3 Descriptive statistics for the retention force [N] of the different clasp materials at varying aging levels
Aging level PEEKmilled1 PEEKmilled2 PEEKpressed CoCrMo
Mean ± SD 95% CI Mean ± SD 95% CI Mean ± SD 95% CI Mean ± SD 95% CI
1. Initial 98.9 ± 40.3a,b [76.6; 121.3] 170.2 ± 51.8c [141.5; 199.0] 80.2 ± 35.2a [60.6; 99.7] 139.7 ± 57.4b,c [107.8; 171.5]
2. After storage in water
(30 days, 37 °C) and
10,000 thermal cycles
76.3 ± 27.9a [60.8; 91.8] 134.2 ± 44.0b [109.7; 158.6] 63.2 ± 26.4a [48.5; 77.9] 147.6 ± 54.8b [117.2; 178.0]
3. After storage in water
(60 days, 37 °C) and
20,000 thermal cycles
50.3 ± 21.2a,b [38.5; 62.1] 80.0 ± 31.4b [62.6; 97.4] 41.2 ± 14.0a [33.3; 49.0] 131.4 ± 56.8c [99.9; 162.9]
a,b,c Different letters present significant differences between the different materials within one aging level
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manufacturing process. While PEEKmilled2 specimens were
fabricated from standardized blanks using CAD/CAM tech-
nology, clasps pressed from Granulat are more prone to out-
side influences and application errors, as this manufacturing
process entails intricate steps such as the initial embedding,
heating, and cooling of the muffle, pressing of the heated
material under vacuum, or the subsequent air-abrasion.
Following the different steps of this manufacturing process
might thus result in an impaired homogeneity of the material
[29]. Moreover, the fabrication process of PEEK blanks and
PEEK Granulat differs, as PEEK blanks undergo an industrial
prepressing procedure, which could increase the mechanical
properties of the final product [29]. Contrary to expectations,
PEEKmilled1 and PEEKmilled2 presented disparate results in
the initial stage. A possible explanation for this puzzling ob-
servation may be provided by variations in the industrial
manufacturing of the prepressed blanks. After artificial aging,
results for the two groups did, however, align. Future investi-
gations are needed to examine this point further.
Although PEEKmilled2 presented higher values than the
control group initial, the observed values declined in the
course of artificial aging. Artificial aging with 20,000 thermal
cycles is supposed to correspond to a clinical situation after 2
years in vivo [24]. The present findings are in agreement with
the results of a recently published study that reported
specimens milled from PEEK blanks to show decreased
mechanical properties after artificial aging [30]. Even
though CoCr clasps are reported to show a permanent
deformation after aging, they still present higher reten-
tion force values than resin clasps due to their high
material stiffness and elastic modulus [5].
While PEEKmilled2 and PEEKpressed showed an initial
decline in retention force, all other groups presented no impact
or an increase in retention force over the repetitive insertion
and removal of the clasps on the abrasion-resistant CoCrMo
models at the different aging levels. A decline in retention
force might be explained by an occurring material fatigue of
the PEEKmilled2 and PEEKpressed clasps. Due to PEEK’s
low elastic modulus (4 GPa) in comparison with a CoCrMo
alloy (240 GPa), it may not be rigid enough to withstand the
occurring forces during a repetitive insertion and removal
[31]. To counteract this, PEEK clasps could be manufactured
to be bulkier and designed with a greater undercut to provide
sufficient retentive force [31]. For CoCrMo, the effect of fa-
tigue is seen controversial. While some studies observed a
decrease in retention force due to a permanent deformation
of the alloy [5], others showed no impact of aging on the
retentive values [31]. This might be explained by the differing
study set-up, where specimens were rigidly fixed and
compromising torqueing forces were thus aimed to be exclud-
ed [31]. An increase in retention force, especially for
PEEKmilled2 and PEEKpressed specimens that previously
showed a decline of the retention force, is, however,
unexpected. One possible explanation might be that the repet-
itive insertion and removal of the clasp specimens entails a
better fit through either a minor abrasion of the model or an
improved adaption of the clasps through the removal of any
imperfections on the inside of the clasp arms. This idea has
been described in a previous study, where an increased friction
between the two components due to the wear phenomena of
the materials was observed in the initial phase of a repetitive
insertion and removal of the claps, while an increased wear
and decreased retention was reported later on [31].
As of today, only few clinical case reports documenting the
behavior of PEEK clasps in vivo are available. One study with
a 2-year follow-up showed promising results regarding reten-
tion force, color stability, and plaque affinity [19]. The use of
PEEK clasps can thus contribute to a healthier periodontium,
an important factor for periodontally damaged dentitions, as
the low plaque affinity prevents bacterial adhesion [21], while
PEEK’s high flexibility entails a low stress on the abutment
teeth [17]. These advantages are mirrored in the high satisfac-
tion of both patient and clinician in terms of functional and
esthetic results [32]. PEEK clasps can furthermore preserve
the existing dentition, with a clinical report describing an ab-
sence of scoring phenomena on silicate ceramic or enamel
surfaces that are routinely seen for CoCrMo clasps [33]. The
low weight of PEEK prostheses, combined with the tooth-
similar color and appropriate fit and retention can make these
restorations easy to assimilate to [32].
When regarding the findings of the present investigation,
PEEK’s promising results during the repetitive insertion and
removal of the clasps, and its overall sufficiently high reten-
tion force, even after artificial aging, have to be noted. The
mechanical properties of PEEK RDP clasps might thus allow
the many advantages to be gained from its manufacturing
process, from a fully digitalized workflow to a standardized
manufacturing process entailing a high material homogeneity.
As future material compositions might lead to improved me-
chanical properties, especially in regard to PEEK’s poor per-
formance in the course of artificial aging, this technique could
behold a promising future. The present findings do, however,
have to be seen in regard to their limitations, as this in vitro
study only examined a limited number of tested materials.
Moreover, the rigid model used in this study does not repre-
sent the clinical situation accurately, where the periodontal
ligament permits a minor flexibility of the natural tooth. As
the retention force correlates with the friction coefficient, the
different friction coefficients of human enamel, dental restor-
ative materials such as silicate ceramics, and the metallic mod-
el employed in the present study have to be considered [34].
This underlines the importance of an individual planning of
the clasp geometry, as both the abutment and clasp material
hold a decisive impact on the necessary undercut [17, 34]. The
microscopical analysis of wear features could provide addi-
tional information on the observed differences between PEEK
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groups [35]. Thus, clinical studies with a long-term follow-up
investigating a wider range of PEEK materials are warranted.
Conclusions
Within the limitations of this study, the following conclusions
can be drawn:
1. Within the tested PEEK materials, PEEKmilled2 present-
ed superior results than PEEKpressed.
2. Artificial aging led to a significant decline in retention
force for all PEEK-based materials.
3. Overall, groups presented an increase in retention force
due to a repetitive insertion and removal of the clasps.
4. Although CoCrMo showed higher values after artificial
aging, all materials exhibited sufficient retention to rec-
ommend usage under clinical conditions.
Acknowledgments The authors would like to thank NT digital implant
technology, bredent, and Dentaurum for supporting this study with
material.
Funding Open Access funding enabled and organized by Projekt DEAL.
Compliance with ethical standards
Conflict of interest The authors declare that they have no conflict of
interest.
Ethical approval This article does not contain any studies with human
participants or animals performed by any of the authors.
Informed consent For this type of study, formal consent was not
required.
Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing, adap-
tation, distribution and reproduction in any medium or format, as long as
you give appropriate credit to the original author(s) and the source, pro-
vide a link to the Creative Commons licence, and indicate if changes were
made. The images or other third party material in this article are included
in the article's Creative Commons licence, unless indicated otherwise in a
credit line to the material. If material is not included in the article's
Creative Commons licence and your intended use is not permitted by
statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.
References
1. Campbell SD, Cooper L, Craddock H, Hyde TP, Nattress B, Pavitt
SH, Seymour DW (2017) Removable partial dentures: the clinical
need for innovation. J Prosthet Dent 118:273–280. https://doi.org/
10.1016/j.prosdent.2017.01.008
2. Mericske-Stern R (2009) Removable partial dentures. Int J
Prosthodont 22:508–511
3. Wostmann B, Budtz-Jorgensen E, Jepson N, Mushimoto E,
Palmqvist S, Sofou A, Owall B (2005) Indications for removable
partial dentures: a literature review. Int J Prosthodont 18:139–145
4. Reddy JC, Chintapatla SB, Srikakula NK, Juturu RK, Paidi SK,
Tedlapu SK, Mannava P, Khatoon R (2016) Comparison of reten-
tion of clasps made of different materials using three-dimensional
finite element analysis. J Clin Diagn Res 10:ZC13–ZC16. https://
doi.org/10.7860/JCDR/2016/18405.7731
5. Arda T, Arikan A (2005) An in vitro comparison of retentive force
and deformation of acetal resin and cobalt-chromium clasps. J
Prosthet Dent 94:267–274. https://doi.org/10.1016/j.prosdent.
2005.06.009
6. Ghani F, Mahood M (1990) A laboratory examination of the be-
haviour of cast cobalt-chromium clasps. J Oral Rehabil 17:229–
237. https://doi.org/10.1111/j.1365-2842.1990.tb00003.x
7. Kola MZ, Raghav D, Kumar P, Alqahtani F, Murayshed MS,
Bhagat TV (2016) In vitro assessment of clasps of cobalt-
chromium and nickel-titanium alloys in removable prosthesis. J
Contemp Dent Pract 17:253–257. https://doi.org/10.5005/jp-
journals-10024-1836
8. Al Jabbari YS (2014) Physico-mechanical properties and prostho-
dontic applications of Co-Cr dental alloys: a review of the literature.
J Adv Prosthodont 6:138–145. https://doi.org/10.4047/jap.2014.6.
2.138
9. Kim EC, Kim MK, Leesungbok R, Lee SW, Ahn SJ (2016) Co-Cr
dental alloys induces cytotoxicity and inflammatory responses via
activation of Nrf2/antioxidant signaling pathways in human gingi-
val fibroblasts and osteoblasts. Dent Mater 32:1394–1405. https://
doi.org/10.1016/j.dental.2016.09.017
10. McGinley EL, Moran GP, Fleming GJ (2012) Base-metal dental
casting alloy biocompatibility assessment using a human-derived
three-dimensional oral mucosal model. Acta Biomater 8:432–438.
https://doi.org/10.1016/j.actbio.2011.08.017
11. Grimaudo NJ (2001) Biocompatibility of nickel and cobalt dental
alloys. Gen Dent 49:498–503 quiz 504-5
12. van Vuuren LJ, Odendaal JS, Pistorius PC (2008) Galvanic corro-
sion of dental cobalt-chromium alloys and dental amalgam in arti-
ficial saliva. SADJ 63:034–038
13. Schwitalla AD, Spintig T, Kallage I, Muller WD (2015) Flexural
behavior of PEEK materials for dental application. Dent Mater 31:
1377–1384. https://doi.org/10.1016/j.dental.2015.08.151
14. Wenz LM, Merritt K, Brown SA, Moet A, Steffee AD (1990)
In vitro biocompatibility of polyetheretherketone and polysulfone
composites. J Biomed Mater Res 24:207–215. https://doi.org/10.
1002/jbm.820240207
15. Wimmer T, Huffmann AM, Eichberger M, Schmidlin PR,
Stawarczyk B (2016) Two-body wear rate of PEEK, CAD/CAM
resin composite and PMMA: effect of specimen geometries, antag-
onist materials and test set-up configuration. Dent Mater 32:e127–
e136. https://doi.org/10.1016/j.dental.2016.03.005
16. Wiesli MG, OzcanM (2015) High-performance polymers and their
potential application as medical and oral implant materials: a re-
view. Implant Dent 24:448–457. https://doi.org/10.1097/ID.
0000000000000285
17. Peng TY, Ogawa Y, Akebono H, Iwaguro S, Sugeta A, Shimoe S
(2019) Finite-element analysis and optimization of the mechanical
properties of polyetheretherketone (PEEK) clasps for removable
partial dentures. J Prosthodont Res 64:250–256. https://doi.org/10.
1016/j.jpor.2019.07.012
18. Papathanasiou I, Kamposiora P, Papavasiliou G, Ferrari M (2020)
The use of PEEK in digital prosthodontics: a narrative review.
BMC Oral Health 20:217. https://doi.org/10.1186/s12903-020-
01202-7
3148 Clin Oral Invest (2021) 25:3141–3149
19. Ichikawa T, Kurahashi K, Liu L,Matsuda T, Ishida Y (2019) Use of
a polyetheretherketone clasp retainer for removable partial denture:
a case report. Dent J (Basel) 7. https://doi.org/10.3390/dj7010004
20. Stawarczyk B, Beuer F, Wimmer T, Jahn D, Sener B, Roos M,
Schmidlin PR (2013) Polyetheretherketone-a suitable material for
fixed dental prostheses? J BiomedMater Res B Appl Biomater 101:
1209–1216. https://doi.org/10.1002/jbm.b.32932
21. Bathala L, Majeti V, Rachuri N, Singh N, Gedela S (2019) The role
of polyether ether ketone (peek) in dentistry - a review. J Med Life
12:5–9. https://doi.org/10.25122/jml-2019-0003
22. Najeeb S, ZafarMS, Khurshid Z, Siddiqui F (2016) Applications of
polyetheretherketone (PEEK) in oral implantology and prosthodon-
tics. J Prosthodont Res 60:12–19. https://doi.org/10.1016/j.jpor.
2015.10.001
23. Zoidis P (2018) The all-on-4 modified polyetheretherketone treat-
ment approach: a clinical report. J Prosthet Dent 119:516–521.
https://doi.org/10.1016/j.prosdent.2017.04.020
24. Gale MS, Darvell BW (1999) Thermal cycling procedures for lab-
oratory testing of dental restorations. J Dent 27:89–99. https://doi.
org/10.1016/s0300-5712(98)00037-2
25. Yamazaki T, Murakami N, Suzuki S, Handa K, Yatabe M,
Takahashi H, Wakabayashi N (2019) Influence of block-out on
retentive force of thermoplastic resin clasps: an in vitro experimen-
tal and finite element analysis. J Prosthodont Res 63:303–308.
https://doi.org/10.1016/j.jpor.2019.01.002
26. Torii M, Nakata T, Takahashi K, Kawamura N, Shimpo H, Ohkubo
C (2018) Fitness and retentive force of cobalt-chromium alloy
clasps fabricated with repeated laser sintering and milling. J
Prosthodont Res 62:342–346. https://doi.org/10.1016/j.jpor.2018.
01.001
27. Micovic D, Mayinger F, Bauer S, Roos M, Eichberger M and
Stawarczyk B (2020) Is the high-performance thermoplastic
polyetheretherketone indicated as a clasp material for removable
dental prostheses? Clin Oral Investig. https://doi.org/10.1007/
s00784-020-03603-y
28. Tribst JPM, Dal Piva AMO, Borges ALS, Araujo RM, da Silva
JMF, Bottino MA, Kleverlaan CJ, de Jager N (2020) Effect of
different materials and undercut on the removal force and stress
distribution in circumferential clasps during direct retainer action
in removable partial dentures. Dent Mater 36:179–186. https://doi.
org/10.1016/j.dental.2019.11.022
29. Merk S, Wagner C, Stock V, Eichberger M, Schmidlin PR, Roos
M, Stawarczyk B (2016) Suitability of secondary PEEK telescopic
crowns on zirconia primary crowns: the influence of fabrication
method and taper. Materials (Basel) 9. https://doi.org/10.3390/
ma9110908
30. Prechtel A, ReymusM, Edelhoff D, Hickel R, Stawarczyk B (2020)
Comparison of various 3D printed and milled PAEK materials:
Effect of printing direction and artificial aging on Martens param-
eters. Dent Mater 36:197–209. https://doi.org/10.1016/j.dental.
2019.11.017
31. Tannous F, Steiner M, Shahin R, Kern M (2012) Retentive forces
and fatigue resistance of thermoplastic resin clasps. Dent Mater 28:
273–278. https://doi.org/10.1016/j.dental.2011.10.016
32. Harb IE, Abdel-Khalek EA, Hegazy SA (2019) CAD/CAM
Constructed Poly(etheretherketone) (PEEK) Framework of
Kennedy Class I removable partial denture: a clinical report. J
Prosthodont 28:e595–e598. https://doi.org/10.1111/jopr.12968
33. Zoidis P, Papathanasiou I, Polyzois G (2016) The use of a modified
poly-ether-ether-ketone (PEEK) as an alternative framework mate-
rial for removable dental prostheses. A clinical report. J Prosthodont
25:580–584. https://doi.org/10.1111/jopr.12325
34. Sato Y, Abe Y, Yuasa Y, Akagawa Y (1997) Effect of friction
coefficient on Akers clasp retention. J Prosthet Dent 78:22–27.
https://doi.org/10.1016/s0022-3913(97)70083-0
35. Helal MA, Baraka OA, Sanad ME, Ludwig K, Kern M (2012)
Effects of long-term simulated RPD clasp attachment/detachment
on retention loss and wear for two clasp types and three abutment
material surfaces. J Prosthodont 21:370–377. https://doi.org/10.
1111/j.1532-849X.2012.00844.x
Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.
3149Clin Oral Invest (2021) 25:3141–3149
